Postembryonic shoot development in maize (Zea mays 1.) is divided into a juvenile vegetative phase, an adult vegetative phase, and a reproductive phase that differ in the expression of many morphological traits. A reduction in the endogenous levels of bioactive gibberellins (CAs) conditioned by any one of the dwarfl, dwarf3, dwarf5, or anfher earl mutations in maize delays the transition from juvenile vegetative to adult vegetative development and from adult vegetative to reproductive development. Mutant plants cease producing juvenile traits (e.g. epicuticular wax) and begin producing adult traits (e.g. epidermal hairs) later than wildtype plants. They also cease producing leaves and begin producing reproductive structures later than wild-type plants. These mutations greatly enhance most aspects of the phenotype of Teopodl and Teopod2, suggesting that CAs suppress part but not all of the Teopod phenotype. Application of CA, to Teopodz mutants and Teopodl,dwarf3 double mutants confirms this result. We conclude that CAs act in conjunction with severa1 other factors to promote both vegetative and reproductive maturation but affect different developmental phases unequally. Furthermore, the CAs that regulate vegetative and reproductive maturation, like those responsible for stem elongation, are downstream of CA,, in the GA biosynthetic pathway.
Traditionally, postembryonic shoot development in plants has been divided into a juvenile, nonflowering phase and an adult, reproductive phase. Recent work suggests that the traditional concept of phase change from juvenile to adult development is actually composed of two processes: the transition from a juvenile vegetative phase to an adult vegetative phase (vegetative maturation) and the transition from a reproductively incompetent to a reproductively competent phase (reproductive maturation) (Poethig, 1990) . Experiments with the GA class of plant hormones suggest that they may regulate both processes (for reviews, see Zeevaart, 1983; Pharis and King, 1985; Zimmerman et al., 1985; Reid, 1986) . The exact role of GAs in this process is unclear because they have different effects in different systems. In some species GAs promote flowering, whereas in others they inhibit flowering. In Avabidopsis thaliana, application of GA, and the phenotype of the GA-' This work was supported by grants from the National Science Foundation (DCB-9012315 and DCB-9205279). M.M.S.E. was supported by a National Institutes of Health Training grant.
Present address: Department of Genetics, 445 Henry Mall, University of Wisconsin, Madison, WI 53706. model system for studying phase change because the differences between juvenile and adult development have been well characterized and are superimposed on a simple, repeating, segmenta1 unit called the phytomer (Galinat, 1959; Poethig, 1990) . The juvenile vegetative, or basal, part of the shoot possesses axillary roots, tillers, and leaves that have a number of distinctive epidermal traits, the most obvious of which are the production of visible epicuticular wax and the absence of epidermal hairs. The adult vegetative part of the shoot lacks prop roots, possesses ears in place of tillers, and has pubescent leaves that lack visible epicuticular wax. During the switch from juvenile to adult development, there is a "transition zone" in which the shoot produces phytomers that express both juvenile and adult characteristics, usually in discrete domains of the phytomer. In maize, previous studies (Olson, 1954; Stein, 1955) have shown that the GA-deficient dwavfl ( d l ) mutant produces more leaves than normal, suggesting that GA promotes flowering in this species. This conclusion is supported by the observation that applications of GA, reduce leaf number (i.e. accelerate tassel development) (Poethig, 1985) . The possibility that GA may play a role in vegetative maturation in maize was first suggested by the report that GA, is capable of phenotypically correcting the vegetative and reproductive phenotype of Teopodl ( T p l ) and Corngrass (Cg) (Nickerson, 1960) , two dominant, gain-of-function mutants that prolong the expression of the juvenile vegetative phase (Galinat, 1966; Poethig, 1988a) . The Tp and Cg mutants are highly tillered, cause phytoqers in adult positions to express juvenile traits, and transform reproductive structures into vegetative structures. This effect of GA on the wproductive morphology of T p and Cg plants Abbreviation: cM, centimorgan. Plant Physiol. Vol. 108, 1995 was not confirmed in subsequent investigations (Poethig, 1985; Ritchings and Tracy, 1989) , but because none of these investigators examined the effects of GA on phase-specific vegetative traits, the role of GA in vegetative maturation in maize is still unclear.
We investigated the effect of GA on vegetative and reproductive maturation in maize by examining the phenotype of several GA-deficient, andromonoecious dwarf mutants: dwarfl ( d l ) , dwarf3 (d3), dwarf5 (d5) , and antker earl (anl) . GA application restores these mutants to a normal height, and chromatography, metabolism of radiolabeled precursors, and the activity of extracts in bioassays show that bioactive GA levels are reduced in these mutants compared to wild type (Phinney, 1956 (Phinney, , 1961 Phinney and West, 1960; Phinney and Spray, 1982; Fujioka et al., 1988) . Early studies demonstrated that d l blocks the synthesis of GA,-proposed as the first functional GA for stem elongation per se-from GA,, (Phinney and Spray, 1982; Phinney, 1984; Spray et al., 1984) . Recently, it was shown that d l also blocks the production of GA, from GA,, (Fujioka et al., 1988) , which would likely block production of GA, as well, since GA, is synthesized from GA, in maize plants (Fujioka et al., 1990) . Cross-feeding of extracts from other mutants onto d l plants and treatment with GA, precursors suggest that d3, d5, and anl act earlier in the GA biosynthetic pathway than d l . d3 apparently controls an intermediate step in GA biosynthesis between GA,,-aldehyde and GA,,-aldehyde Spray, 1982, 1987; Phinney, 1984) , whereas d5 and anl control early steps in GA biosynthesis prior to the production of ent-kaurene (Katsumi et al., 1964 (Katsumi et al., , 1983 Hedden and Phinney, 1979; Spray, 1982, 1987; Phinney, 1984; Spray et al., 1984; Phinney et al., 1986; Bensen et al., 1995) . We found that a11 of these mutations delay vegetative and reproductive maturation, and that d l , d3, and d5 interactsynergistically with Tpl and Tp2 and require a functional Glossyl5 (Gl25) gene to prolong the expression of juvenile traits. Application of exogenous GA, partially suppresses the effects of these mutations and is also capable of accelerating vegetative maturation in Tp mutant plants. However, most of the effects we observed were relatively small compared to other heterochronic mutations, suggesting that GA is only one of several factors regulating phase change in maize.
MATERIALS A N D M E T H O D S Cenetic Stocks
Stocks of dwarfl ( d l ) , dwarf3 (d3) , and dwarf5 (d5) were obtained from the Maize Genetics Cooperation Stock Center (Urbana, IL). The stock of d l carried chlorophylll ( c l l ) 16 cM proximal to d l on the short arm of chromosome 3 and was homozygous for Modifier of chloropkylll (Clml-4) on chromosome 8; cll in combination with C l m l 4 gives a white endosperm and a green seedling. The stock of d3 carried waxyl ( w x l ) 3 cM dista1 to d3 on the short arm of chromosome 9. The allele of antker earl ( a n l ) used in this study was isolated from an ethylmethane sulfonate mutagenesis performed by M.G. Neuffer in an A632Ht inbred background. Prior to phenotypic analysis, mutations were crossed three times to the A632Ht inbred, and self-crossed to produce families segregating for dwarf mutants. Families segregating dwarf and the dominant Teopodl (Tpl) or Teopod2 (Tp2) mutations were generated by crossing stocks of d l , d3, or d5 in their original backgrounds to T p / + (W23) plants and then backcrossing the Tp plants in the F, generation, as pollen or ear parents, to the respective dwarf parenta1 stock. Families segregating d l and glossyl5 (gll5) were generated by crossing the original d l stock as males onto plants homozygous for gl15-2 and self-crossing to produce an F, family segregating for both mutations. Double mutants between d3 and gll5, which are 7 cM apart on chromosome 9, were generated by crossing gl15-2 plants as females by the original stock of d3, self-crossing the F, plants, and then self-crossing gl15 plants of the F, family to identify a recombinant between d3 and gl15 that was homozygous for gl15-2 and heterozygous for d3. Families segregating d3 and the dominant Ragged leauesl (Rgl) mutation were generated by crossing the original stock of d3 as males onto Rgl/+ plants and backcrossing the Rgl plants of the F, as females by the original d3 stock. Double mutants between d3 and d l were constructed by crossing a homozygous d3 wxl plant as a male onto a plant heterozygous for d l and cll and homozygous for Clml-4. The F, plants were crossed as males onto a stock carrying d l to test for the presence of d l and self-crossed to generate an F, family segregating d l and d3. d l plants were assumed to be the dwarf plants from cll,Wxl kernels; d3 plants were assumed to be the dwarf plants from Cl1,wxl kernels; and dl,d3 double mutants were assumed to be the extremely short dwarf plants from cl1,wxl kernels.
Phenotypic Analysis
Unless otherwise noted, maize (Zea mays L.) plants were grown in the field in the summer of 1992 or 1993. Mutants were always compared to their wild-type siblings. Leaves of plants were numbered according to their position from the base of the plant. Plants were scored visually for the presence of wax and hairs on the leaf blade a few days after the leaf had fully expanded. This was important because basal leaves senesce early in shoot development. A leaf was scored as having wax if any wax was present on the leaf blade. Similarly, a leaf was scored as having hairs even if only one macrohair was visible on the blade, excluding the hairs along the margin of the leaf blade. Prickle hairs and microhairs, which are too small to observe macroscopically, were not included in this study. A11 axillary buds were numbered according to the position of the subtending leaf, and prop roots were numbered according to the position of the leaf at the next node. A phytomer was scored as having a tiller or ear if the axillary shoot extended above the ligule. In Tp, dwarf double mutants, which have many lateral shoots, distinguishing ears from tillers is extremely difficult because none of the shoots are completely ear-like. In most cases a distinction was made if there was a gap of several phytomers without any lateral branches; shoots below the gap were termed tillers, and those above the gap were termed ears.
In families in which Tp plants had leaves in the tassel, the first tassel phytomer was considered to be the first phytomer with a spikelet in the axil of the leaf. The following classification scheme was used to quantify the severity of Tp tassel phenotypes: Tp tassels were given a score of one if the tassel was branched; two if the tassel was unbranched but otherwise wild type in appearance; three if the glumes were elongated; four if one-fourth of the tassel was leafy; five if one-half of the tassel was leafy; six if three-fourths of the tassel was leafy; and seven if the tassel was completely leafy.
Toluidine Blue Staining
One-to 2-cm-long samples encompassing the midrib to the margin of the leaf blade were taken at the midpoint of the leaves of plants grown in 15-cm pots in sandy soil under LD conditions (18 h of light, 6 h of darkness) in greenhouses. The abaxial surface of the samples was abraded with silica powder to facilitate staining, and then samples were fixed at room temperature in 3 parts ethanol to 1 part glacial acetic acid and stored in this solution for several weeks. Samples were stained overnight at room temperature in 1 part 0.05% toluidine blue (0.01 M sodium acetate, pH 4.4) to 15 parts H 2 O. Photographs were taken of the adaxial surface midway between the midrib and the margin with Kodak Ektar color print film using an 80A color filter and bright-field optics on an Olympus BH-2 microscope.
Stem-Length Measurements
Stem-length measurements were made on mutant and wild-type siblings in a family segregating d3 wxl after three backcrosses to the W23 inbred line and in a family segregating Al after five backcrosses to the W23 inbred line. Seeds were germinated in soil and grown in the greenhouse under LD conditions, dwarf plants can be distinguished from wild type immediately after germination because the seedling leaves are broader in dwarf than in wild type, dwarf and wild-type seedlings were dissected to the shoot apical meristem; the number of leaves initiated was counted, and the distance from the shoot apex to the coleoptilar node was measured using an ocular micrometer. The average number of leaves and the average distance from the coleoptilar node to the shoot apex were calculated for each time point. Half of the plants were grown to maturity and scored for the expression of phase-specific traits.
GA 3 Treatments
All plants used for GA 3 treatments were grown under LD conditions in the greenhouse in a sandy soil mix in 15-cm pots, wxl kernels from the cross + + /wxl d3 X Tpl/+; + + /wxl d3 were used for the d3 and Tpl,d3 plants in this experiment. The Tp2 plants came from a cross of A632Ht X Tp2/Tp2; W23. Plants were treated with GA 3 (Sigma No. G-7645) approximately twice a week by pipetting 100 /nL of a solution of GA 3 plus 0.1% Tween 20 in distilled water into the apical whorl of the plants in the evening. Any water already present in the whorl was removed prior to application of the solution. Four GA 3 concentrations were used: 1 mg/mL, 100 /ig/mL, 10 /xg/mL, and 1 jug/mL. Control plants were treated in the same way with 100 juL of distilled water with 0.1% Tween 20. For the d3 and Tpl,d3 plants, the first treatment was made 15 d after planting, when plants were at the three-to four-leaf stage. Treatments continued until tassels had emerged on all of the control plants, approximately 70 d after planting. The first treatment of the Tp2 plants was made 10 d after planting, when plants were at the three-to four-leaf stage. The last treatment was made 50 d after planting.
RESULTS

Vegetative Phenotype of dwarf Mutants
The most obvious phenotype of the dwarf mutants is their effect on plant height (Fig. 1 ). All four of the mutations examined in this study produce plants that are significantly shorter than wild type throughout their development. The effect of these mutations on seedling height is attributable primarily to a decrease in leaf sheath expansion (since the stem does not begin to elongate until much later), whereas the reduction in mature plant height is due to a reduction in internode length. These mutants are similar as seedlings, but anl mutants are significantly taller than all of the other mutants at maturity (Emerson and Emerson, 1922; Bensen et al., 1995) .
In addition to their effect on plant height, all four mutations have a variety of other effects on shoot morphology. To define the effect of these mutations on phase change, we examined two traits that define the duration of the juvenile vegetative phase (the highest, i.e. last, leaf with epicuticular wax and the highest, i.e. last, node with prop roots), two traits that define the onset of the adult vegetative phase (the lowest, i.e. first, partially glossy leaf and the lowest, i.e. 108, 1995 first, leaf with epidermal hairs), and two reproductive traits (top ear node and total leaf number) (Poethig, 1990) . A11 four mutations prolong the expression of juvenile traits and delay the onset of the adult phase as well as the differentiation of reproductive structures (the ear and the tassel) (Fig. 2) . In an A632 inbred background, d l , d3, and a n l delay the juvenile-to-adult transition by about two to three leaves and delay the differentiation of both the ear and tassel by approximately the same amount. Because d 5 was not converged into A632, the data presented in Figure  2 are not strictly comparable to those of the other mutations. Nevertheless, d 5 appears to have approximately the same effect on phase change as d l , d3, and a n l . In addition to delaying vegetative and reproductive maturation, these mutations also increase the number of tillers and ears, as has been reported previously (Emerson and Emerson, 1922; Coe et al., 1988) . The effect of d l on other phase-specific epidermal traits, toluidine blue staining properties, and the lateral wall crenulations of epidermal cells, was measured in a W23 inbred background (Fig. 3) . Juvenile epidermal cells stain purple with toluidine blue, and their lateral cell walls are weakly crenulated. Adult epidermal cells, in contrast, stain turquoise, and their lateral cell walls are highly crenulated. The transition from the juvenile to adult forms of both of these traits does not occur until leaf 8 in d l ( The effect on adult traits is less severe than that on juvenile traits, and consequently more leaves have both juvenile and adult traits. 31), whereas it occurs in leaf 5 in their wild-type siblings (Fig. 3B ). The expression of these traits parallels the switch from waxy to glossy leaves in these same plants.
Since the effects of the dwarf mutations on phase-specific traits are relatively minor, it is difficult to determine whether they affect juvenile and adult traits equally or unequally. The easiest way to measure this is to compare the length of the transition zone (the number of leaves that express epicuticular wax and epidermal hairs) in mutant and wild-type plants. If a particular mutation affects one phase more than another, then the length of this transition zone will change. In families in which the dwarf mutations have the greatest heterochronic phenotype, the transition zone is longer in mutant plants than in wild type. Wildtype plants only have four or five leaves with both juvenile traits (e.g. epicuticular wax) and adult traits (e.g. epidermal hairs), whereas dwarf plants have six or seven leaves with both juvenile and adult traits (Fig. 2) . This suggests that the dwarf mutations have a greater effect on juvenile vegetative traits than adult vegetative traits.
We also examined the effect of d 3 on the expression of Rgl, a dominant mutation whose expression is correlated with the expression of adult epidermal traits. Since this mutation is first expressed in interna1 tissue (Mericle, 1950) , it serves as a useful marker for the phase-specific identity of the leaf mesophyll. In Rgl,d3 double mutants, the "ragged phenotype is expressed one leaf later than in their Rgl siblings. This result is similar to the delay in Rgl expression caused by the Tp mutations, which slightly delay the appearance of a11 adult traits (D. Bongard-Pierce, M.M.S. Evans, and R.S. Poethig, unpublished observations), and suggests that d 3 affects most, if not all, phasespecific aspects of leaf identity.
dl,d3 Double Mutants
The effect of any single dwarf mutation on phase change is relatively minor compared to other known heterochronic mutations. There are severa1 possible explanations for this result. One possibility is that GA is capable of modifying vegetative and reproductive maturation but is not absolutely required for these processes. A second possibility is that GA is required for shoot maturation, but a11 of the mutants examined in this study possess enough GA to induce maturation, because they are leaky with regard to GA biosynthesis. Emerson and Emerson (1922) found that d1,anl double mutants are shorter than either single mutant, suggesting that in single mutants there is enough bioactive GA for some developmental processes to occur. To test the effects of further reducing levels of bioactive GAs, we constructed dl,d3 double mutants. As described in "Materials and Methods," single and double mutant plants were distinguished from one another in segregating families with the help of linked endosperm markers and on the basis of the unique phenotype of dl,d3 plants (Fig. 1) .
In dl,d3 plants the expression of epicuticular wax was prolonged by one leaf or none and the expression of epidermal hairs was delayed by two or three leaves in comparison to the d l and d 3 single mutant plants (Table I ). The transition zone in dl,d3 double mutants is shorter than in A to E, Wild-type (W23) leaves. F to J, dl (W23) leaves. Leaf 4 (A and F), leaf 5 (B and C), leaf 6 (C and H), leaf 8 (D and I), and leaf 9 (E and J). In both wild-type and dl plants, leaf 7 (not shown) is similar to leaf 6. In wild-type plants, leaves 1 through 4 have uniformly purple-staining epidermal cells with weakly crenulated lateral walls. Leaf 5 of wild type is a transition leaf with partial purple and partial turquoise staining, and leaves 6 and above have turquoise-staining epidermal cells with highly crenulated lateral walls. In dl, leaves 1 through 7 have uniformly purple-staining epidermal cells. Leaf8 of dl is a transition leaf with purplestaining and turquoise cells interspersed. Leaves 9 and above of d1 have turquoise-staining epidermal cells with highly crenulated lateral walls. Scale bar = 100 /im. dl and d3 single mutants and the same length as in wild type, dl and d3 alone appear to affect wax more than hairs, but dl and d3 in combination affect wax and hairs equally, suggesting that epidermal hairs are more sensitive to GA than epidermal wax. This result, and the extremely short stature of the double mutants, implies that dl and d3 plants produce small amounts of bioactive GA, in agreement with biochemical analysis of these mutants Spray, 1982, 1987; Fujioka et al., 1988) . At the same time, it makes it impossible to determine whether GA is absolutely required for phase change because it raises the possibility that even dl,d3 double mutants have enough GA to regulate this process. However, a severe reduction in bioactive GAs in dl,d3 plants, as measured by stem elongation, has only a small effect on the onset of the adult vegetative phase and has no significant effect on the end of the juvenile phase compared to the less-severe reduction of GA in dl single mutants.
Stem Lengths
Because the dwarf mutants reduce stem elongation, we wanted to examine whether their effect on shoot maturation might result from the proximity of the roots to the shoot apex. It was important to examine this question because there is evidence both in maize (Irish and Nelson, 1988) and in other species (Schwabe and Al-Doori, 1973; McDaniel, 1980 ) that the root system may be a source of a floral inhibitor. For the root system to contribute to the prolongation of the juvenile phase in dwarf plants, the distance from the root system to the shoot apex in dwarf plants must be reduced compared to wild type early in shoot development, because the transition from juvenile to adult vegetative growth occurs shortly after germination.
To determine whether reduced stem length in dwarf plants could contribute to delayed phase change, the distance from the shoot apex to the coleoptilar node in dl Each value is the average 2 2 SE. Transition zone leaves are defined as leaves with both epicuticular wax and epidermal macrohairs. 
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a Significantly different from d7 and d3 at P < 0.001 (Student's t test).
Significantly different from d3 at P < 0.001 but not significantly
' Significantly different from dl at P < 0.01 and d3 at P < 0.05 (Student's t test).
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plants, d3 plants, and their wild-type siblings was measured at various times after germination. The coleoptilar node was chosen as a basal point rather than the scutellar node (where the shoot attaches to the kernel) for two reasons. First, roots are initiated from the coleoptilar node shortly after germination. Second, the distance from the scutellar node to the coleoptilar node, unlike the distance from the coleoptilar node to seedling shoot apex, is extremely variable even in wild-type plants and depends on the orientation and depth at which a seed is planted. The fact that the timing of phase change is uniform in an inbred line suggests that this variability is unimportant. We found that the distance from the coleoptilar node to the shoot apex is only slightly shorter in dwarf plants than in wild-type plants at the time that the last leaves with wax are produced by the dwarf plants (Fig. 4) . We do not believe that this difference accounts for the effect of the dwarf mutations on phase change because this difference is extremely small in comparison to the total length of the stem at these stages. Additionally, t h e length of the dwnvf stem at the time the last juvenile leaf (leaf 9 or 10 in d3; leaf 8 in d l ) is initiated is actually greater than the length of the stem of their wild-type siblings when they produce their last juvenile leaf (leaf 5 or 6) or their first fully adult leaf (leaf 7). The difference in stem length between dwarf and wild-type seedlings increases after leaf 13 or 14 has been initiated (data not shown). Therefore, the proximity of the root system to the shoot meristem in dwarf mutants is unlikely to be solely responsible for the extra leaves with wax in these plants. Recent work in Lolium temulentum on the effects of different GAs on stem elongation and flowering also suggests that these two processes are independent of one another (Evans et al., 1990 (Evans et al., , 1994a .
dwartgl1S Double Mutants
The G125 gene is required to maintain the expression of juvenile epidermal traits and suppress adult epidermal traits in late (i.e. after leaf 2) juvenile leaves (Evans et al., 1994c; Moose and Sisco, 1994) . Loss-of-function mutations in G125 cause a premature switch from juvenile to adult vegetative traits in the epidermis without affecting nonepidermal traits. The effect of Tp2 and Tp2 on epidermal cell fates requires normal G125 function. To determine if G125 is also required for the extended expression of juvenile traits in the dwarf mutants, gl15,dwarf double mutants were constructed. Table I1 shows the phenotype of plants in a family segregating g115 and d l . The last leaf with wax and the first leaf with hairs occur at the same position in g125,dl double mutants as in their g125 siblings. In contrast, the transition from waxy to glossy leaves and from glabrous to pubescent leaves occurs approximately two leaves later in the d2 plants than in their wild-type siblings. d3,g115 double mutants also have the same pattern of wax and hair distribution as their g115 siblings (data not shown). Other aspects of the dwarf phenotype, including the prolonged Last leaf with 8.4 ± 0.3 10.4 + 0.6 3.0 ± 0.2 2.8 ± 0.3 wax First leaf with 4.7 ± 0.3 6.3 ± 0.5 3.0 ± 0.2 3.1 ± 0.2 hairs expression of nonepidermal juvenile traits, are not altered by gI15 (data not shown). These results are consistent with G115 acting downstream of the dwarf genes, as would be expected if GA operated via the same regulatory mechanism that controls phase change during normal development.
dwarf, Tp Double Mutants
Tpl and Tp2 are semi-dominant mutations that prolong the expression of juvenile vegetative development and transform reproductive structures into vegetative structures (Poethig, 1988a) . Previous work has shown that these two mutations are non-cell-autonomous and therefore may act through a diffusible factor (Poethig, 1988b; Dudley and Poethig, 1993) . The Tp and dwarf mutations have several effects in common: both reduce internode elongation, increase the number of tillers, ears, and vegetative phytomers, and reduce tassel branching (Emerson and Emerson, 1922; Lindstrom, 1925; Weatherwax, 1929; Whaley and Leech, 1950; Singleton, 1951; Galinat, 1954a Galinat, , 1954b Galinat, , 1966 Poethig, 1988a) . To determine if the Tp mutations act in the same pathway as GA, double mutants were constructed between Tpl or Tp2 and dl, d3, or d5. In double mutant combination with either Tpl or Tp2, the dwarf mutations significantly enhance the heterochronic phenotype of these mutations. In fact, the combined effects of the Tp and dwarf mutations on the number of leaves and lateral branches (i.e. ears and tillers) and the size and morphology of the lateral branches are so severe that in double mutants, identifying the main stem is difficult if it has not been followed throughout development (Fig. 5) . Figure 6 shows the pattern of expression of some phase-specific traits in plants from a family segregating Tpl and d3 wxl.
Whereas the number of leaves with wax is only two leaves greater in d3 than in wild type, Tpl,d3 plants have 11 more leaves with wax than Tpl single mutants. In some Tp,dwarf double mutants, the juvenile phase is so long that even leaves in the tassel possess some epicuticular wax. Similar synergistic interactions are observed for the number of nodes with prop roots, the position of the first glossy and hairy leaves, the position of the ear and tassel, and the number of ears and tillers. All of the wxl kernels (which should be the d3 mutants and Tpl,d3 double mutants) germinated, and the ratio of dwarf to Tp,dwarf plants in this and all other families segregating dwarf and Tp mutations was not significantly different from one to one. Consequently, we believe that this is the only phenotype of Tp,dwarf double mutants, dl, d3, and d5 have essentially this same phenotype in combination with either Tpl or TpZ, although the magnitude of the effect varies from family to family (data not shown).
Comparison of the tassel phenotype of Tp and Tp,dwarf double mutants is difficult because the tassels of these plants emerge only partially, if at all. However, dissection of these tassels suggests the Tp,dwarf tassels are not more severe than Tp tassels. In both Tp and Tp,dwarf plants the same fraction of the tassel is covered by vegetative structures. For example, the Tpl and Tpl,d3 plants illustrated in Figure 6 both had an average Tp tassel rating of five (see "Materials and Methods" for description of tassel scoring system), which corresponds to half of the tassel being covered with leaves. In other families with dl, d3, or d5 segregating with Tpl or Tp2, the Tp,dwarf double mutants also had similar scores for Tp tassel phenotype as their Tp siblings. These results suggest that the Tp mutations and GA act in separate but interacting pathways, and that GA plays no role in regulating the tassel phenotype of the Tp mutants. However, since the dwarf mutations are apparently hypomorphic for GA, a direct role of GA in the entire Tp phenotype cannot be eliminated.
CA, Treatment of Mutants
GA 3 treatment of the dwarf mutants normalizes some aspects of their phenotype, such as plant height (Phinney and West, I960) . At high concentration, GA 3 treatment also modified vegetative maturation of d3 mutants (Table  III) . Treated plants had fewer leaves, fewer nodes with prop roots, fewer leaves with wax, and more tassel branches than control plants. However, only a small effect on phase change was seen in these plants. The expression of epicuticular wax and epidermal hairs was shifted by only one leaf or less. The effect of GA 3 treatment may have been minimized because the identity of most of the juvenile leaves was already determined when the GA 3 applications were initiated. We did not determine the leaf (Fig. 7) . Every GA, concentration used significantly reduced the number of leaves with epicuticular wax, the number of nodes with prop roots, and the number of tillers and significantly lowered the position of the first leaf with hairs, the first glossy leaf, and the uppermost ear in TpZ,d3 double mutants (Fig. 8A and data not  shown) .
Additionally, the higher concentrations of GA significantly reduced the total number of leaves and ears in TpZ,d3 plants. Furthermore, the acceleration of vegetative maturation was directly related to the dose of GA, per application. This result supports the conclusion that a decrease in an active GA, rather than an increase in the precursors of these compounds, is responsible for the enhancement of the Tp phenotype in Tp,dwarf double mutants. GA, had a much greater effect on the position of the last leaf with wax than it did on total leaf number. For example, for double mutants given 10 pg of GA, per treatment, the last leaf with wax was lowered by 10 leaves, whereas the total number of leaves was reduced by only 3 leaves from the control values (Fig. 8A ). The lower rates of GA, application also seemed to affect epidermal hairs more than epicuticular wax, since the length of the transition zone was greater in these plants, particularly those treated with 1 I*.g of GA, per application (9 leaves), than in controls (6 or 7 leaves). However, the length of the transition zone in control plants may be underestimated because some of these plants had epicuticular wax on the tassel leaves, which are not included when calculating the duration of vegetative development. If there is actually a differential effect of GA on these traits, epidermal hairs are more sensitive to GA, application than epicuticular wax, which is, in turn, more sensitive to GA 3 application than total leaf number.
As has been observed often in the case of wild-type plants (Nelson and Rossman, 1958; Nickerson, 1959; Hansen et al., 1976; Krishnamoorthy and Talukdar, 1976) , high levels of GA 3 (100 /iL of 1 mg/mL GA 3 per treatment per plant) caused d3 and Tpl,d3 tassels to become feminized or completely barren. The development of all tassel structures, including branches, spikelets, and leaves (in Tp plants), was inhibited by this treatment. Tassel development was so severely affected in these plants that it was not possible to score the severity of the Tp tassel phenotype. However, no consistent reduction in the severity of the vegetative transformation of Tpl,d3 tassels was seen at lower GA 3 concentrations, even though these treatments significantly increased tassel branching in d3 plants (Table  III; data not shown). This supports the conclusion that GA is not directly involved in the effect of the Tp mutations on reproductive morphology despite having an effect on vegetative phase change.
Similar results were obtained by treating Tp2 single mutants with GA 3 (Fig. 8B) . Tp2 plants in a A632/W23 hybrid background were chosen because they have an extremely long juvenile vegetative phase and a uniform tassel phenotype. These characteristics provide a long time in which the juvenile traits can be affected and facilitate comparisons of the tassels of GA 3 -treated and control plants. Traits whose expression switches early in shoot development were not affected by these treatments, again most likely because the fate of these leaves was determined before initiation of GA 3 treatment. GA 3 reduced the number of leaves with epicuticular wax and the total leaf number, but, as was the case for Tpl,d3 double mutants, GA 3 treatment had a greater effect on epicuticular wax than total leaf number, e.g. seven leaves versus three leaves for the second highest GA 3 treatment (Fig. 8B) . Therefore, the effect of Tp2 on vegetative maturation can be suppressed by the application of exogenous GA 3 as well as enhanced by a reduction in GA in dwarf mutants. As in the case of Tpl,d3 double mutants, the Tp2 tassel phenotype was unaffected by any GA 3 treatment (Fig. 9) , confirming that GA does not influence this aspect of the Tp phenotype. GA 3 treatment also slightly accelerates vegetative and reproductive maturation in wild-type plants, although the effects are minor, since these plants have a short juvenile phase (data not shown).
DISCUSSION
The morphology of a plant is profoundly affected by the duration of the different phases of shoot development because the structures produced during these phases are separated spatially by the polar addition of new organs by the shoot apical meristem. Consequently, the timing of expression of vegetative and reproductive traits has profound effects on the development of an individual. In maize, previous studies have identified several genes that regulate the juvenile and adult vegetative phases of development (Tpl, Tp2, Tp3, Cg, and G115) . These genes affect the expression of the juvenile and adult vegetative phases without affecting other aspects of shoot growth, such as the timing of reproductive development (Bassiri et al., 1992) . Because of the extensive literature indicating that GA is involved in the transition from vegetative to reproductive development, we decided to investigate its role in vegetative phase change and flowering in maize.
In the GA-deficient dwarf mutants, the juvenile vegetative phase is prolonged and the onset of the adult vegetative phase and the reproductive phase is delayed. Since all of the traits we examined are affected by the dwarf mutations, GA apparently has a global effect on vegetative and reproductive maturation. This conclusion is supported by the effect of GA 3 application on mutant and wild-type plants. In every genotype, exogenous GA 3 accelerated both vegetative and reproductive development. Since the dwarf mutations require a functional G115 gene to prolong juvenile development, GA apparently acts through the normal mechanism that regulates phase change. The types of GA responsible for promoting both phase change and stem elongation in maize apparently are produced late in GA biosynthesis after GA 20 , because even the dl mutation, a block in the conversion of GA 20 to GA^ and GA 5 , delays phase change. Thus, phase change and stem elongation are regulated either by GA^ GA 5 , or GA 3 or by GAs derived from these molecules. Work on L. temulentum suggests that the GAs affecting stem elongation and floral differentiation are different (Evans et al., 1990 (Evans et al., , 1994a (Evans et al., , 1994b because certain GA derivatives promote flowering more than stem growth and vice versa. These results suggest that stem elongation and the transition from vegetative to reproductive development need not be regulated by identical mechanisms.
We believe that GA promotes vegetative phase change but is not actually required for this process because the heterochronic phenotype of the dwarf mutants, even the extremely short dl,d3 double mutants, is relatively minor compared to other heterochronic mutants (such as the Tp mutants), and because GA 3 treatment of wild-type plants has only a small effect on the timing of vegetative phase change. The transition from juvenile vegetative to adult vegetative development may depend on several different factors (including GA), the combined activity of which determines the exact time of vegetative maturation. In this model, vegetative phase change would only be blocked completely if all of these factors were absent. A similar mechanism has been shown to regulate flowering time in Arabidopsis, a facultative LDP. GA and long days can both accelerate flowering, and either one is sufficient to cause plants to flower. Flowering is delayed if either one is absent but is only completely prevented if both stimuli are removed by growing GA-deficient gal mutants under SD conditions (Wilson et al., 1992) .
The synergistic phenotype of the Tp,dwarf double mutants supports this hypothesis. The Tp mutations probably do not act through GA because, if this were the case, the dwarf mutations would be epistatic to the Tp mutations. However, this possibility cannot be completely ruled out because the dwarf mutations are leaky with regard to GA biosynthesis. Since the dwarf mutations reduce but do not eliminate bioactive GA, the Tp mutations could act by further reducing these GA levels. We think this is unlikely because a further reduction in GA in the dl,d3 double mutants caused a comparatively slight increase in the length of the juvenile vegetative phase in contrast to the severe increase in the Tp,dwarf double mutants. Neverthe- less, regulation of phase-specific traits by the Tp genes and GA must interact at some level, because if these two pathways were completely independent the dwarf and Tp mutations would be expected to interact additively rather than synergistically.
The dwarf and Teopod genes could be interacting in two different ways. First, high endogenous GA levels could inhibit the Teopod genes directly, so that a reduction in GA would lead to an increase in the expression of these genes. This model predicts that the dwarf mutations would enhance a11 aspects of the Tp phenotype, and GA treatment would conversely suppress a11 aspects of the Tp phenotype. However, this is not the case, since the effect of the Tp mutations on tassel morphology is apparently unaffected by a decrease or an increase in GA levels. An alternative explanation for the synergistic interaction of the dwarf and Tp mutations is that both of them modify the activity of a single factor that promotes juvenile vegetative development. The activity of this factor would be inhibited by GA and activated by the Tp mutations. In wild-type plants this activity is low because of reduced stimulation by the wildtype alleles at the Tp loci and inhibition by GA. When both of these regulatory mechanisms are disrupted in Tp,dwarf double mutant plants, expression of the juvenile vegetative phase is dramatically increased.
Although GA affects a11 known phase-specific traits, regulation of these traits is not completely coordinated. This has also been seen in H . kelix; different GA concentrations were shown to affect different phase-specific traits unequally, suggesting a differential sensitivity of these traits to GA (Rogler and Hackett, 1975; Wallerstein and Hackett, 1989) . In maize the sensitivity of the different phases, juvenile vegetative, adult vegetative, and reproductive, to GA also appears to be different despite the fact that traits specific to each phase are expressed within the same phytomers. In families segregating d l and d3, a reduction of GA in the single mutants compared to wild type appears to have a greater effect on epicuticular wax, a juvenile trait, than epidermal hairs, an adult trait, whereas a greater reduction of GA in the double mutants affects wax and hairs equally (Table I ). This result implies that more bioactive GA is required to terminate juvenile traits than is required to initiate adult traits, although both phases are affected by GA.
In the Tpl,d3 double mutants (Fig. 8 ) the termination of juvenile trait (eg. epicuticular wax) expression and the onset of adult trait (eg. epidermal hair) expression both occurred late enough in shoot development to test for a differential sensitivity of these two phases to exogenous GA. Interestingly, the two lowest doses of GA, application did have a greater effect on epidermal hairs than epicuticular wax, even though the expression of these traits overlapped in control plants. However, this result may not be significant, since the juvenile phase in control plants may be longer than can be measured by the number of vegetative phytomers expressing epicuticular wax, and since the tassel leaves of some control plants also expressed epicuticular wax. The difference between the effect of GA, on reproductive maturation and vegetative maturation is definitely significant. In plants in which the expression of juvenile traits ended late enough (Tp2 and Tpl,d3 plants) and the expression of adult traits started late enough (Tpl,d3 plants) to be susceptible to GA, treatment, the timing of vegetative maturation was accelerated by a greater number of phytomers than the onset of reproductive development. Furthermore, in Tpl,d3 plants a much higher dose of GA, was necessary to reduce the total number of phytomers (i.e. the time until tassel development) than the number of waxy or glabrous leaves.
The difference in the responses of juvenile vegetative, adult vegetative, and reproductive development to changes in bioactive GA levels (a decrease caused by mutation or an increase caused by application of GA,) could be interpreted in severa1 different ways. First, each phase may respond to the same type of endogenous GA, but the perception of, or response to, this compound may be different for each phase. Alternatively, the type of GA affecting one phase may be different from that affecting another phase. In the first model, changes in bioactive GA levels (endogenous or exogenous) would affect one phase more than another depending on relative sensitivity of these phases to GA. In the second model, the differential effect of a block in GA biosynthesis or of exogenous GAs is explained by assuming that these factors affect the level of some GAs more than others.
Although a11 three phases are affected by a reduction or an increase in GA, changes in the expression of the three phases are not completely coupled by GA. The expression of one phase can shift relative .to others because of their differential sensitivity or response to GA. Changes in reproductive development, for example, may be unaffected by changes in vegetative maturation, as seen in the GA,-treated Tpl ,d3 plants. Furthermore, since the leaves subtending spikelets in the tassels of Tpl,d3 plants can express epicuticular wax, the juvenile vegetative phase apparently does not need to be completely turned off prior to expression of the reproductive program. What is still unclear is whether a particular vegetative state ("the adult phase") is a prerequisite for reproductive development.
Regulation of the transition between the different phases of development has been a subject of intense study in plant biology. ln particular, many studies have focused on the effects of the known phytohormones in this process and have demonstrated a role for GA in reproductive and/or vegetative maturation in many species. Here we demonstrate that GA is involved in these phenomena in maize as well. In maize, GA affects multiple, partially independent processes associated with vegetative and reproductive maturation. Previous studies have demonstrated that vegetative and reproductive maturation can be regulated independently (Bassiri et al., 1992) . The three phases of shoot development can in fact overlap with one another. GA provides a link that regulates the expression of traits in a11 three of these phases and appears to be one of many factors involved. The combined action of a11 of these factors regulates the timing of a11 phases of shoot development and, consequently, shoot morphology. The different effect of GA on traits associated with the different phases emphasizes the independence of these phases and
